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The Lee-Wick theories require unusual Lee- Wick (LW) partners to the standard model 
(SM) particles. The excitations of the unusual fields may have indefinite norms in the 
O | Hilbert space. In the present talk the thermodynamic results of a toy LW universe (where 

_ each normal particle has only one LW partner and the standard massless gauge fields 

^ do not appear in the normal particle spectrum as their LW partners has the potential 

to produce negative energy density) will be discussed. It will be shown that in the LW 
universe the time- temperature relation gets modified. This time-temperature relationship 
shows interesting new physics. More over we see how a LW particle dominated early 
cosmology transforms into the standard cosmology. A brief discussion on the realistic 
LW universe containing normal gauge bosons and two fermionic partners for each SM 
ov chiral fermion will be presented at the end. 
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To tackle the problem of divergences in quantum field theories (QFTs) the LW 
theories^ assume a LW partner for each SM field. It turns out that to attack the 
problem of divergences in QFT one has to quantize the LW partners in such a way 
that their excitations may have indefinite norms in the Hilbert space. In the present 
talk we will utilize the LW standard modeP to investigate the physics of the early 
universe and we will mainly follow Ref. El In the standard model of cosmological 
evolution the energy density, pressure of ultra-relativistic bosons and fermions are 
given as 

(sm) _ gn 2 T 4 ( sm ) _ gn 2 T 4 
P b ~ 30 . Pb " go ' W 

and 

(sm) _ 7ff7T 2 T 4 (sm) _ 7gir 2 T 4 
Pf - 240 ' P f ~ 720 ' [ ' 

where the subscripts b and / stands for bosons and fermions and g stands for any 
internal degree of freedom of the ultra-relativistic species. 

In the toy model it is assumed that each SM field is accompanied by a LW 
partner. In this simplified picture the energy density, pressure for each of these 
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partners are given by 



Hl5l 

tt 2 T 4 \f 2 T 2 \ , IU , /rr-7 1 



JLW) _ _ M J (LW) _ _ , _ . 

P 6 - 9y 30 24 J - Pb - 9{ Q0 24 ' ' 

and for the fermionic LW partners: 

(lw) (TfT^ M 2 T 2 \ (lw) , __ , 

Pf = ~w ST < Pf = ~n -rTn IT" ' ^ 



In the above equations M is the mass of a generic LW partner and as the system 
is relativistic T > M. In general the masses of the LW partners are supposed to 
be much greater than their standard model counterparts. As the LW partner states 
can have indefinite norm, they are barred to appear as in-states or out-states in 
any S-matrix process. The LW partners can only appear as resonances in processes 
involving SM particles. The LW resonances may thermalize (in the cosmic plasma) 
if the SM particles energies are high i.e., T > M. If T < M the LW resonances 
decouple and turn out to be non-thermal. 

If M is the mass of the maximally massive partner field, then the net energy 
density and entropy density of the relativistic fields in the early universe composed 
of the SM fields and there LW partners turns out to be, 

P = ~24~9* T ' ( 5 ) 
where is the effective degree of freedom for energy calculation, and 

M 2 

s = -^9*sT (6) 

where g* s is the effective degree of freedom for entropy calculation. 
The effective degrees of freedom are as 

*-.E*(£)'(f)Hi: tn 

%— bosons %— tcrmions 

and 

i— bosons z— tcrmions 

Here it has been assumed that each SM boson (or fermion) and its LW partner are 
in thermal equilibrium but all the different species of particles and their partners 
may not be sharing the same temperature. In the above relations M is the mass 
of the maximally massive LW partner which is relativistic at temperature T. The 
above equations for energy density and entropy density are correct if the spectrum 
of the particles does not contain any massless gauge bosons. In presence of massless 
gauge bosons, in the realistic model, the above relations get modified. 

Using the above forms of energy density and entropy density one can show the 
time-temperature relation for the LW universe to be: 



August 2, 2012 0:16 



WSPC - Proceedings Trim Size: 9.75in x 6.5in mg'lw 



3 

The time-temperature relation is plotted in Fig. [TJ The bump appears at a specific 
time in Fig. Q] because at that time the heaviest LW partner with mass M becomes 
non-relativistic and the the heaviest mass value in Eq. Q is replaced by the next 
heaviest LW partner mass M' . As soon this happens the temperature of the system 
shoots up (T oc 1/M and M > M') and the previous massive LW partner re- 
thcrmalize. This happens whenever the new temperature, T' , is such that T' > 
M. Then again the temperature starts to fall up to a point beyond which the 
new temperature shoots up and the previous LW partner re-thermalize. This cycle 
repeats for some time until the temperature rise due to the decoupling of the heaviest 
LW partner falls below M. This is an out of equilibrium process as the entropy also 
shoots up during this time as shown in Fig. [2] 

As the LW partners become non-relativistic they decouple from the plasma and 
do not contribute in the energy density or entropy density of the system. After some 
of the LW partners decouple, the modified entropy density and energy density of 
the cosmic plasma becomes 
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Fig. 1. Figure showing the bump in the temperature as the heaviest Lee- Wick partner with mass 
10 9 GeV becomes non-thermal and its position is taken up by the next heaviest Lee- Wick partner 
of mass 3 X 10 s GeV. For a simple illustration the effective degrees of freedom are assumed to 
remain constant in the process, g r ~ 80. The green region in the plot represents a region of rapid 
and violent temperature fluctuations where the system has gone out of equilibrium. 
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The first terms on the right hand sides of the equations comes from that part of 
the plasma which consists of SM particles and their LW partners which are still 
thermalized at that temperature T". The second term of the right hand sides of 
the equations comes from a plasma constituted by only SM particles whose LW 
partners have already decoupled from the cosmic plasma. As the LW partners are 
heavier than their SM partners it is safe to assume that these SM particles are still 
relativistic at temperature T". In the above equations we assume that M' is the 
mass of the maximally massive Lee- Wick partner at the corresponding temperature 
T'. The effective degrees of freedom changes to g' '„ and g\ s from their previous 
values. Also, and g'^ s account for the effective degrees of freedom of those SM 
particles whose Lee- Wick partners have decoupled. It may happen that after some 
decouplings of the LW partners the energy density and entropy density transforms 
to the standard cosmological forms because the T' 4 term and T' 3 terms start to 
dominate over the other terms. 



2. The realistic model 

In the realistic model there are two fermionic partners of a standard chiral fermion 
and there is one more degree of freedom for the massive partners of the massless 
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Fig. 2. Figure showing the bump in the entropy density of the universe as the heaviest Lee- Wick 
partner with mass 10 9 GeV becomes non-thermal and its position is taken up by the next heaviest 
Lee- Wick partner of mass 3 X 10 s GeV. The effective degrees of freedom are assumed to remain 
constant in the process as §* s ~ 80. The SM particle freed of its partner is assumed to be a boson 
with g = 2. The spiked green region in the plot represents a region of rapid and violent entropy 
fluctuations where the system has gone out of equilibrium. 
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gauge bosons. In this case: 

rr.2 77T 2 . ^4 ^ rr.4 „x 

p= Q*N-l Qf-L nT , (12 

' 24 yyV 240 J 30 V 7 

where the new degrees of freedom g*N originates from the standard bosonic con- 
tribution, similar to the bosonic contribution in Eq. ([7]). As there are more LW 
fcrmions, the unpaired fermionic contribution comes with gp. The last term in 
Eq. (fT2|) arises from the extra longitudinal degree of freedom of the massive LW 
partners of the normal massless gauge bosons. Here n denotes the number of mas- 
sive vector boson partners of SM gauge bosons. In the last equation it is assumed 
that all the species in the plasma are in thermal equilibrium. 

In the present scenario one sees that if there are two LW fermionic partners 
for each standard fermion and the longitudinal mode of the LW partners of the 
normal gauge bosons also contribute to the energy density then the net energy 
density is not positive definite. There can be two ways in which one can obtain 
a positive definite energy density of the early universe infested with LW partners. 
The first one depends upon the principle of parametric resonance during preheating 
after inflationP During these phase only massive bosons are produced and if these 
massive bosons initially thermalize during reheating then the problem with the 
fcrmions and gauge bosons disappear. The second option is related to the reheating 
temperature of the universe. If the LW fermion partners and the LW partners of 
the gauge bosons decoupling temperature is more than the reheat temperature then 
both of these species will not be present in the energy density term and henceforth 
the energy density will be positive definite. These scenario depends upon the mass 
hierarchy of the LW partners. 

In conclusion one can say that a realistic LW radiation dominated universe is a 
difficult thing to realize but for certain circumstances as discussed above one can 
indeed have a LW radiation phase during/after reheating. 
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